Abstract. Nuclear factor erythroid 2-related factor 2 (Nrf2) serves a critical role in carcinogenesis. The present study examined the effect of Nrf2 on the proliferation and invasion of melanoma cells that were treated with ionizing radiation. B16-F10 mouse melanoma cells were exposed to various doses of ionizing radiation for different time periods. Small interfering (si)RNAs targeting Nrf2 were transfected into B16-F10 cells, and cell proliferation, invasion and apoptosis were detected by Transwell, MTT or western blot assays. The expression of Nrf2 and its downstream heme oxygenase 1 (HO-1) was analyzed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting. HO-1 activity was also examined. Ionizing radiation stimulated Nrf2 expression, increased caspase-3 expression, and reduced the viability, migration and invasion of B16-F10 mouse melanoma cells. Transfection with Nrf2 siRNA was able to inhibit Nrf2 and HO-1 expression in B16-F10 mouse melanoma cells that were treated by ionizing radiation. Inhibition of Nrf2 further reduced cell viability, invasion and migration, and elevated caspase-3 expression in B16-F10 mice melanoma cells that were treated by ionizing radiation. In summary, treatment with ionizing radiation was able to stimulate Nrf2 expression and regulate cell viability, invasion and migration of B16-F10 cells. A combination of Nrf2 knockdown and ionizing radiation treatment exerted a synergistic effect on migration, invasion and apoptosis in B16-F10 murine melanoma cells.
Introduction
Melanoma, a lethal form of skin cancer, is an aggressive malignancy derived from melanocytes. The incidence rate of melanoma has doubled in the last two decades, and the mortality rate is ~10% (1) . Although melanoma represents only 4% of skin cancer cases per year, it accounts for 74% of skin cancer mortalities (2) . The characteristics of melanoma include high rates of invasion and metastasis, and it is difficult to treat. The early detection of malignant melanoma is closely associated with survival rates of ≤90%. However, detection at late stages of the disease is associated with survival rates of only 10% (3) .
To date, there is no effective clinical treatment for malignant melanoma as the mechanism underlying melanoma development is unclear. Due to its propensity to metastasize, early-stage melanoma is readily treatable but advanced metastatic melanoma develops resistance to treatment (4) . Consequently, available chemotherapeutic approaches for melanoma often result in tolerance, a low response rate (5) and high toxicity (6, 7) . Radiotherapy is currently the one of the best and effective treatments for melanoma. However, the acquisition of radioresistance results in limited application of radiotherapy in tumor tissue.
The transcriptional regulation of cytoprotective genes serves a crucial role in the cellular defense against injury by nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway in skin cells (8) . Under normal physiological conditions, the Nrf2-encoding gene is constitutively expressed and forms an inactive complex by binding with its negative regulator Kelch Like ECH Associated Protein 1 (Keap1) in the cytoplasm. Following endogenous or exogenous stress stimulation, Nrf2 dissociates from Keap1 and translocates from the cytoplasm into the nucleus and then binds to the antioxidant response element (ARE) located in the nucleus (9, 10) . The ARE is a cis-acting regulatory element that contributes to the transcription and translation of downstream phase II antioxidant enzymes, including NAD(P)H quinine oxidoreductase 1, glutamate-cysteine ligase catalytic subunit and glutamate-cysteine ligase modifier subunit (11 (12) (13) (14) . In previous studies, the activation of Nrf2 was associated with the resistance of cancer cells to radiation therapy (15) , and Nrf2 regulated radiation-induced apoptosis via the Notch signaling pathway (16) . However, whether the Nrf2/heme oxygenase 1 (HO-1) signaling pathway is responsible for regulating changes in radiation-induced cell proliferation and invasion remains to be clarified. Therefore, the present study focused on the mechanism of Nrf2/HO-1 in radiation-stimulated melanoma cells.
Materials and methods
Cell culture. B16-F10 melanoma cells were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in RPMI-1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal calf serum (Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere with 5% CO 2 at 37˚C. Confluent cells were used for the experiments between the 4th and 6th passages. The cells were seeded at a density of 1x10 6 cells/ml. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The cells were harvested to detect mRNA by RT-qPCR. Total RNA was extracted from cultured cells by using TRIzol ® reagent (Life Technologies; Thermo Fisher Scientific Inc.) according to the manufacturer's protocol, and reverse transcription was performed using a PrimeScript RT Master Mix (Takara Biotech Co., Ltd., Dalian, China) in a total volume of 20 µl followed by 30 cycles of 94˚C for 20 sec, 55˚C for 20 sec and 70˚C for 40 sec; then final extension at 70˚C for 5 min. The primers were designed and synthesized by Hanghai Sangon Biological Engineering Technology & Services (Shanghai, China). The following primers were used for the PCR experiments: Nrf2 forward, 5'-AGC CCA GCA CAT CCA GTC A-3' and reverse, 5'-TGC ATG CAG TCA TCA AAG TAC AAA G-3'; and β-actin forward, 5'-TGG CAC CCA GCA CAA TGA A-3' and reverse, 5'-CTA AGT CAT AGT CCG CCT AGA AGC A-3'. SYBR-Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used for RT-qPCR to determine the relative levels of target mRNA. The reaction was conducted on an FTC-3000 qPCR system (Shanghai Funglyn Biotech Co., Ltd. Shanghai, China), in the following thermocycling conditions: 94˚C for 30 sec, 59˚C for 30 sec and 72˚C for 45 sec, for 40 cycles. The experiment was repeated 3 times. Relative expression levels of Nrf2 were calculated according to β-actin (17) .
Western blot analysis.
The cells were collected to analyze the expression of Nrf2 and HO-1. The cells were washed with cold PBS and lysed at 4˚C with RIPA buffer (Beyotime Institute of Biotechnology, Haimen, China) and harvested for 30 min on ice. Following centrifugation at 10,000 x g for 20 min at 4˚C, the supernatant was used as total cell lysate. The total protein concentrations were determined using a Pierce BCA protein assay kit (Thermo Fisher Scientific Inc.) according to the manufacturer's protocol. A total of 20 µg of protein were separated onto 12% SDS-PAGE, and the proteins were then transferred electrophoretically onto polyvinylidene fluoride membranes (Roche Diagnostics, Basel, Switzerland). The membranes were blocked with blocking solution [0.05% Tween and 5% bovine serum albumin (BSA; BBI Life Sciences Corp., Shanghai, China)] in Tris-buffered saline for 2 h at room temperature and incubated with primary rabbit monoclonal antibodies against Nrf2 (cat. no. ab62352; 1:500), primary mouse monoclonal antibodies against HO-1 (cat. no. ab13248; 1:500), primary rabbit polyclonal antibodies against cleaved caspase-3 (cat. no. ab2302; 1:500), or primary mouse monoclonal antibodies against β-actin (cat. no. ab8226; 1:1,000; all Abcam, Cambridge UK), overnight at 4˚C. The membranes were incubated with horseradish peroxidase-conjugated secondary antibodies against Nrf2, HO-1, cleaved caspase-3 and β-actin (anti-mouse IgG; dilution, 1:10,000; cat. no. ab97046; anti-rabbit IgG; dilution, 1:10,000; cat. no. ab7090; Abcam) at room temperature for 1 h, which were detected using an enhanced chemiluminescence detection system (Amersham; GE Healthcare, Chicago, IL, USA). The intensity of the bands was analyzed using Image J software version 1.4.6 (National Institutes of Health, Bethesda, MD, USA).
Cell viability. The viability of the cells was assessed by MTT assay. The cells were seeded in a 96-well plate overnight. The cells were treated with ionizing radiation and/or siRNA according to the manufacturer's protocol. Subsequently, MTT solution was added to each well and incubated for an additional 3 h at 37˚C. The media was discarded, and dimethyl sulfoxide was added to each well to dissolve the formazan crystals. Absorbance at 540 nm was measured using a microplate reader (EL-808; BioTek Instruments, Inc., Winooski, VT, USA). The OD values of the 0 h or BF groups were used as the controls.
HO-1 activity. HO-1 activity was determined at 12 h after treatment with siRNA and ionizing radiation stimulation. As described in a previous study (18) , the cells were collected by centrifugation for 25 min at 10,000 x g at 4˚C. The activity of the HO-1 enzyme was detected in a reaction mixture containing microsomes, a cytosolic fraction of rat liver (a source of biliverdin reductase) hemin and NADPH (18) . The reaction mixture was incubated at 37˚C for 1 h in the dark, and the bilirubin was extracted with 1 ml chloroform by vigorous vortexing three times for 10 sec. The amount of extracted bilirubin was measured at 464 and 530 nm of organic phase. HO-1 activity was represented as pmol bilirubin/mg protein/h.
Cell migration. The B16-F10 cell migration assay was performed using a commercial Transwell insert (8-µm pore size; Corning Incorporated, Corning, NY, USA). The migratory potential of the cells was assessed at 24 h post-siRNA transfection, at 0, 2, 4, 6, 12 and 24 h after ionizing radiation in media containing 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.), followed by serum starvation for an additional 24 h. Then, 2x10 5 serum-starved cells were seeded in the upper chamber of the Transwell insert (cat. no. PIEP15R48; EMD Millipore, Billerica, MA, USA). Dulbecco's modified Eagle's medium (Thermo Fisher Scientific, Inc.) containing 10% FBS was added to the lower chamber as a chemoattractant. The non-invading cells were removed from the upper surface of the membrane in different groups after 24 h. The migrated cells on the underside of the filter were first fixed with 100% methanol and then stained by 0.1% crystal violet solution for 10 min at room temperature. The cells were counted in five random fields under an inverted microscope at magnification, x40. The data were calculated and expressed as fold increase vs. control groups.
Cell invasion. Cell invasive ability was assessed using Matrigel invasion chambers (BD Biosciences, Franklin Lakes, NJ, USA). The invasive ability of the cells were detected at 24 h post-siRNA transfection at 0, 2, 4, 6, 12 and 24 h after ionizing radiation, in media containing 10% FBS followed by serum starvation for an additional 12 h. Then, 1x10
5 cells in serum-free medium containing 10% BSA were added to the upper chamber, while serum-containing medium with 10% FBS was placed in the lower chamber. After 24 h, the cells on the surface of the upper membrane were removed. The cells that penetrated the insert and migrated to the bottom chamber were stained with 0.1% crystal violet solution for 10 min at room temperature and counted as previously described for the cell migration assay.
Statistical analysis. The data are presented as the mean ± standard deviation. One-way analysis of variance was used to determine significant differences among all groups followed by Fisher's least significant difference comparison. P<0.05 was considered to indicate a statistically significant difference.
Results
Ionizing radiation stimulates Nrf2 expression in B16-F10 mouse melanoma cells. Nrf2 serves an important role in a number of skin-associated diseases (19) and also protects melanocytes against harmful oxidative stress (20) . Previously, studies have reported that Nrf2 is induced by a variety of stimuli, including ionizing radiation, in bone tissue and lung cancer cells (16, 21) . To clarify whether variations in Nrf2 expression are involved in ionizing radiation-induced melanoma development, the effect of ionizing radiation on Nrf2 expression was examined in the present study. Following the treatment of different doses of ionizing radiation (1-16 Gy) and for various time periods (0-48 h), Nrf2 protein expression was investigated by western blot analysis. The results indicated that Nrf2 expression was induced in a dose-dependent manner with peak expression induced by 8 Gy (Fig. 1A) . Nrf2 expression was gradually increased from 0-48 h following exposure to 8 Gy ionizing radiation with peak expression at 12 h (Fig. 1B and C) . The changes in Nrf2 mRNA expression in B16-F10 melanoma cells were similar to the pattern of Nrf2 protein expression following exposure to ionizing radiation.
Effect of ionizing radiation on the viability and apoptosis of B16-F10 mouse melanoma cells.
Following the analysis of the results in Fig. 1, 8 Gy was selected to radiate the melanoma cells in subsequent experiments. To investigate the viability of B16-F10 cells following ionizing radiation, cell viability and the levels of cleaved caspase-3 following the exposure to 8 Gy ionizing radiation at 0-24 h were analyzed by MTT assay and western blotting, respectively. The results of the cell viability assay indicated a significant decrease in the number of living cells from 2 to 24 h compared with 0 h, in a time-dependent manner ( Fig. 2A) . Caspase-3 is crucial mediator of apoptosis. Over the duration of the experiment (24 h), the expression of cleaved caspase-3 was increasingly elevated following exposure to 8 Gy ionizing radiation (Fig. 2B and C) .
Ionizing radiation inhibits the migration and invasion of melanoma cells. Cell migration and invasion serve an important role in cancer metastasis. In the present study, the effect of ionizing radiation on the migration and invasion of melanoma cells was investigated by Transwell chamber and Matrigel invasion assays. The results indicated that the invasive and migratory abilities of B16-F10 cells were inhibited by 8 Gy ionizing radiation compared with the 0 h group (Fig. 3A) . The results also indicated that exposure to 8 Gy ionizing radiation inhibited the migration of B16-F10 cells in a time-dependent manner compared with 0 h group (Fig. 3B) .
Transfection of Nrf2 siRNA decreases Nrf2 expression and downstream HO-1 following ionizing radiation in melanoma cells.
To discuss the role of Nrf2 in melanoma cells following exposure to ionizing radiation, Nrf2 siRNA was utilized to inhibit Nrf2 expression in the present study. The results identified that transfection with Nrf2 siRNA was able to inhibit the expression of Nrf2 protein and mRNA compared with untreated B16-F10 cells (Fig. 4) . Furthermore, the combined treatment with Nrf2 siRNA and ionizing radiation significantly inhibited the expression of Nrf2 protein and mRNA in the B16-F10 + IR + siRNA group compared with the B16-F10 + IR group (Fig. 4) . To further examine the effect of Nrf2 on its downstream target gene, HO-1, mRNA levels were detected following exposure to IR. Notably, the patterns of HO-1 mRNA expression and changes in the activity of HO-1 were similar to Nrf2 in the four treatment groups (Fig. 4C-F) .
Effect of Nrf2 on cell viability and the activity of caspase-3 in irradiated B16-F10 cells.
Cell viability was analyzed by MTT assay. Compared with the B16-F10 + IR group or B16-F10 + siRNA group, combined treatment with Nrf2 siRNA and ionizing radiation markedly inhibited cell viability in the B16-F10 + IR + siRNA group (Fig. 5A) . A combination of exposure to ionizing radiation and siRNA-induced Nrf2 inhibition increased the cleaved caspase-3 expression compared with the untreated B16-F10 group (Fig. 5B) . Compared with the B16-F10 + IR group or B16-F10 + siRNA group, treatment with Nrf2 siRNA and ionizing radiation further elevated cleaved caspase-3 expression in the B16-F10 + IR + siRNA group (Fig. 5B) . These results indicated that treatment with ionizing radiation may inhibit cell viability and promote apoptosis via Nrf2 expression in B16-F10 cells.
Inhibition of Nrf2 reduces the migration and invasion of B16-F10 cells that are exposed to ionizing radiation.
Compared with the untreated B16-F10 cells, migration and invasion were inhibited in the B16-F10 + IR and B16-F10 + siRNA groups (Fig. 5C and D) . Furthermore, combined treatment with Nrf2 siRNA and ionizing radiation significantly inhibited migration and invasion compared with the B16-F10 + IR or B16-F10 + siRNA groups (Fig. 5D) . These results demonstrated that ionizing radiation may inhibit the migration and invasion of B16-F10 cells via Nrf2 expression.
Discussion
The aim of the present study was to elucidate the mechanisms and role of Nrf2 in the apoptosis, migration and invasion of radiated melanoma cells. The results indicated that ionizing radiation stimulated the expression of Nrf2 in B16-F10 melanoma cells. Furthermore, ionizing radiation decreased the cell viability and increased cell apoptosis, while also inhibiting the migration and invasion of melanoma cells. Transfection with Nrf2 siRNA decreased the expression and activity of Nrf2 and the expression and activity of its downstream target, HO-1. Ionizing radiation may exhibit a regulatory effect on the apoptosis, migration and invasion via activation of the Nrf2 signaling pathway in B16-F10 melanoma cells.
Metastasis is a primary cause of cancer-associated mortalities, which accounts for >90%, and includes a multi-step process of cell adhesion, migration and invasion (22) . Inhibiting the metastasis of cancer cells is a principal strategy for cancer therapy and research (23) . Melanoma, a type of skin tumor, generally has a poor prognosis due to its invasive behavior. The treatments for melanoma include surgery, radiotherapy and chemotherapy (24) . Particularly for advanced malignant melanoma, there is currently no effective and safe treatment. In the present research, it was identified that exposure to 8 Gy radiation decreased cell viability and increased the cleaved caspase-3 expression in B16-F10 melanoma cells. Additional experiments verified that radiotherapy exerted an inhibitory effect on the migration and invasion of melanoma cells. These results indicated that radiotherapy exerts an inhibitory effect on cancer metastasis, and therefore it has the potential to improve the survival period of patients with melanoma.
Although Nrf2 exhibits a beneficial effect in liver ischemia-reperfusion (25) and macrophage inflammatory response (26) , the effect of Nrf2 on melanoma is currently unknown. Previous studies have suggested that Nrf2 functions as an oncogene in tumor progression, and it is regarded as a pro-tumorigenic factor in a number of tumor types by accelerating stress adaption, increasing drug resistance and promoting oncogenesis (27) . Types of cancer that are often in a continuous state of oxidative stress appear to have a constitutively activated Nrf2-ARE pathway, resulting in enhanced tumor cell survival (28) . In response to external stimuli, a series of events leads to the stabilization of Nrf2 and its translocation into the nucleus, where Nrf2 exerts its function and controls the expression of antioxidants (29) . In the present study, various doses of ionizing radiation doses were used to investigate the changes in Nrf2 expression following the treatment of B16-F10 melanoma cells. The results indicated that ionizing radiation stimulated Nrf2 expression in a dose-dependent manner with the exception of 8 Gy having the same effect on Nrf2 expression as 16 Gy. The effect of 8 Gy on Nrf2 expression following different time periods of exposure to ionizing radiation was also investigated. It was indicated that treatment with 8 Gy ionizing radiation gradually increased the expression of Nrf2 from 0 to 12 h, and Nrf2 expression was decreased from 12-24 h. Tsukimoto et al (30) reported that γ-radiation exhibited an inducing effect on Nrf2 and that it increased the nuclear accumulation of Nrf2 and HO-1 expression in the murine Raw 264.7 macrophage cell line. These results are consistent with those obtained by the present study. Additionally, it was reported that this highly robust Nrf2-ARE-mediated antioxidant response, which was detected after 5 days, was radiation dose-and time-dependent. The Nrf2-ARE-mediated antioxidant response was also associated with delayed reactive oxygen species (ROS) production as measured by fluorescent ROS-sensitive dyes (13) .
To further investigate the effect of Nrf2 in ionizing radiation-treated melanoma cells, Nrf2 expression was inhibited by Nrf2 siRNA, and the levels of Nrf2 protein and its downstream target were detected. In the present study, treatment with Nrf2 siRNA was demonstrated to markedly inhibit Nrf2 expression. Furthermore, treatment with Nrf2 siRNA reversed the increase in Nrf2 expression that was induced by ionizing radiation compared with untreated melanoma cells.
Furthermore, the expression of HO-1 (a target of Nrf2) and its activity were significantly inhibited by Nrf2 siRNA treatment in melanoma cells. Meng et al (31) reported that Nrf2 and its target protein HO-1 were involved with cell migration and vascular tube formation in human microvascular endothelial cells, and Pan et al (32) identified that Nrf2 exerted a regulatory effect on cell migration and invasion in glioma cells. These results indicated that Nrf2 may participate in the process of cell migration and invasion. Therefore, it was hypothesized that Nrf2 was associated with cell migration and invasion in melanoma cells that were treated with ionizing radiation. The results of the present study revealed that siRNA-induced Nrf2 inhibition decreased the migration and invasion of melanoma cells, and Nrf2 siRNA was able to inhibit the cell viability and augment caspase-3 activity in melanoma cells compared with untreated melanoma cells. These results indicated that ionizing radiation is able to decrease the migration and invasion of melanoma cells and stimulate apoptosis and Nrf2 expression. The knockdown of Nrf2 exerts a positive role in migration, invasion and apoptosis.
In the present study, radiation stimulated Nrf2 expression and increased caspase-3 expression. Furthermore, exposure to radiation reduced cell viability, migration and invasion. Inhibition of Nrf2 expression induced by Nrf2 siRNA also increased caspase-3 expression and reduced cell viability, migration and invasion. Why is there a similar pattern of caspase-3 expression, cell viability, migration and invasion between Nrf2 overexpression and Nrf2 inhibition? Nrf2 exerts dual functions in melanoma (33) ; radiation treatment increased Nrf2 expression (13) . We hypothesize that the radiation treatment did not induce sufficient Nrf2 expression to decrease caspase-3 expression, cell viability, migration and invasion in the present study; therefore, the effect of radiation was greater than Nrf2's ability to ameliorate its effects.
To conclude, the present study identified the effect of Nrf2/HO-1 on migration, invasion and apoptosis in melanoma cells following ionizing radiation treatment. However the mechanisms by which Nrf2 and its target genes regulate migration and invasion remain to be elucidated. Further research is required in order to investigate the prevention and treatment of melanoma.
